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ABSTRACT

Dynamic Testing and Finite Element Modeling of a Steel Girder Bridge
for the Long-Term Bridge Performance Program

by

Lourdes Alina Taveras Moronta, Master of Science
Utah State University, 2012

Major Professor: Marvin W. Halling
Department: Civil and Environmental Engineering

The majority of the bridges in the United States are already reaching the years
that the design process took into account when determining the time the structure
would be functional. This means that many of the bridges in the nation are in need of
increasing maintenance, and in some cases, major retrofitting. Researchers at Utah
State University in conjunction with the Long-Term Bridge Performance (LTBP) Program,
under the direction of the Federal Highway Administration’s (FHWA’s) Office of
Infrastructure Research and Development, directed dynamic testing on the New Jersey
Pilot Bridge, structure number 1618-150. The purpose of the LTBP Program is to monitor
the nation’s highway bridges for a 20-year period to analyze and understand the
behavior over time of the selected bridges and then promote the safety, mobility,
longevity, and reliability on those bridges.
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In order to perform the monitoring of the bridge, ambient vibration analysis was
selected for this structure, which was instrumented with an array of velocity transducers
to record the response coming from the excitation. A finite element model was also
created to compare the results from the ambient vibration testing. The results of this
testing will be used with the LTBP Program to improve the knowledge of the bridge
performance and foster the next generation of bridges and bridge management in the
nation.
(103 pages)
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Public Abstract
Dynamic Testing and Finite Element Modeling of a Steel Girder Bridge for the Long-Term
Performance Program
The Long-Term Bridge Performance (LTBP) Program, under the direction of the
Federal Highway Administration’s (FHWA’s) Office of Infrastructure Research and
Development, is monitoring nation’s pilot highway bridges to promote the safety,
durability, and reliability on the bridges of the nation. Researchers at Utah State
University directed dynamic testing on the New Jersey Pilot Bridge, structure number
1618-150 the summer of 2011 to analyze and understand the dynamic behavior of the
structure.
In order to perform the monitoring of the bridge, ambient vibration analysis was
selected for this structure, which was instrumented with an array of velocity transducers
to record the response coming from the excitation, that was mainly traffic and wind
loads. The dynamic properties obtained from this bridge included the modal
frequencies, damping ratios and mode shapes. A finite element model was also created
to compare the results from the ambient vibration testing. The results of this testing will
be used with the LTBP Program to improve the knowledge of the bridge performance by
tracking the changes in the properties of the bridge throughout the years and improve
the next generation of bridges and bridge management in the nation.
Lourdes Taveras
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CHAPTER 1
INTRODUCTION

In the US there are about 600,000 bridges, and one third of those bridges are
classified as structurally deficient or functionally obsolete. One of the causes of the
deteriorated condition on those bridges may be mainly the fatigue and the lack of
maintenance given to the structures. Different kinds of testing are being performed on
some bridges on the US in order to improve the quality and structural serviceability of
them.
The Federal Highway Administration, FHWA, created a program called the LongTerm Bridge Performance Program, LTBP, which consists of the investigation and testing
of some bridges in the United States, called the pilot bridges because they serve as a
representation of both a broad geographic distribution and the different cross section of
the types of bridges in use across the nation. These bridges are located in California,
Florida, Minnesota, New Jersey, New York, Utah and Virginia.
Long-term bridge monitoring is the process of synchronized tracking of the
response of a structure under normal operating conditions, in other words, ambient
conditions [Omenzetter and Brownjohn 2006]. The monitoring of the bridge is used to
determine the overall condition of the structure, increase the knowledge of similar
structures and that way predict the response of these structures and future ones. Modal
testing of a bridge on site provides an accurate and reliable prediction of its real
dynamic characteristics. There are two principal types of modal test that are developed
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in bridge structures, which are forced vibration and ambient vibration tests [Ren et al.
2004].
The objective of the investigations and testing done by the LTBP Program is to
collect a data base of quantitative information from the pilot bridges, taking into
account every element of the bridge being tested. By doing this investigation, it will be
possible to provide more detailed information about the bridge health and also to find
better bridge management tools [FHWA 2011].
The Utah State University team has been working on and researching some of
those pilot bridges, in this case, specifically, testing results will be presented from a
bridge located in New Jersey that was tested in the summer of 2011. The bridge is a
steel girder bridge with two structures, Northbound and Southbound, and each
structure has four different spans. The objective of this testing was to obtain the natural
frequencies, damping ratios and mode shapes of the bridge.
As part of the investigation, a finite-element model (FEM) of the bridge was
developed using computer software called SAP2000. The FEM method is currently a
common way to perform an analytical modal analysis of bridge structures [Ren et al.
2004]. This model only represents one of the spans of the bridge, Span 1 Northbound
Structure. The dynamic testing that was performed produced very useful results that are
compared to the natural frequencies determined by finite-element model.

3
CHAPTER2
LITERATURE REVIEW

In the last years dynamic testing has become a very useful tool on the health
monitoring of the bridges all over the world. This chapter covers some of the most
relevant papers that describe the processes and the objectives of the dynamic testing,
specifically focusing on ambient vibration testing. Some of the following papers even
describe the procedures used for the analysis of the data collected on the testing and
present the results of their studies.

Lauzon and DeWolf (2006)
In this journal publication the main objective was to measure the dynamic
responses of a full-scale steel-girder highway bridge during the passage of a small truck
by the use of sensors that could be rationally applied on a network of in-service bridges.
The measurements in this investigation were taken before and during the staged
introduction of a simulated crack in one of the main supporting girders. The crack was
introduced in five stages until it extended through two-thirds the depth of the girder. To
determine the aspects of the spectra that were sensitive to a change in the stiffness of
the structure, the frequency spectra was tested at each stage of the testing and then
compared to those values that were acquired before the introduction of the cracks.
The data collected on the time-domain was analyzed using a Fast Fourier
transform to produce a frequency response spectrum. The preprocessing was done with
a Hanning function to mitigate the effects of the Fast Fourier transform leakage. The
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results of these tests indicate that monitoring the amplitudes at the natural frequencies
and the frequency response spectrum using the cross signature assurance criterion can
be used as an indicator that significant cracks have developed in a multigirder highway
bridge.
This research showed that the ambient vibration monitoring of structures is a
good technique to use on bridges that are in the process of developing major structural
changes. Also it isn’t necessary to close the bridge for the testing and doesn’t require a
large number of sensors.

Liu et al. (2009)
Most of the bridges in the United States are aging and may require repair or
replacement, as well as the bridges in Japan. In this research the Hilbert-Huang
transform (HHT) was used to analyze the data collected from ambient vibration testing.
They investigated the characteristics of aging bridges by comparison with their
structural properties.
They acquired the main frequency of the bridge by the use of the Fast Fourier
transform (FFT), and then compared it to the main frequency found by the HHT.
Comparing those values it was found that the HHT has a higher resolution than the FFT.
Long-term environmental impacts create many structural damages that are
difficult to examine with traditional methods, therefore, it is possible to understand the
characteristics and behavior of bridges by analysis with the random decrement and the
frequency response function method.
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El-Borgi et al. (2007)
In this paper, the main objective of the researchers was basically to identify the
modal frequencies, and also develop a finite element model of the bridge by a rational
methodology for the structural assessment of a reinforced concrete bridge in Tunisia.
This methodology is based on ambient vibration measurement of the bridge, finite
element model updating and nonlinear analysis. This bridge is an eight-span bridge with
a continuous slab. Because the spans of the bridge were basically the same, ambient
vibration tests were conducted on only one span by the use of nine force-balance
accelerometers placed at selected locations.
The method used to analyze the data acquired was the Enhanced Frequency
Domain Decomposition (EFDD) technique. Also for the dynamic testing, a 3-D finite
element model was developed and updated to obtain reasonable correlation between
experimental and numerical modal properties. What they use to update the model was
the modulus of elasticity of the concrete, until the values of the model were close to the
experimental values. A decrease of the modulus of elasticity on the model indicated the
possibility of damage or stiffness reduction. They were able to demonstrate that using
the EFDD technique in combination with model updating and nonlinear analysis
provides valuable information for the evaluation of the bridge structural condition.

Farrar and James. (1997)
The authors of this paper tested a bridge located on I-40 over the Rio Grande,
this structure consisted of twin spans with a concrete deck that was supported by two
steel girders and three steel stringers. Also cross bracing was provided between the
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floor beams that transferred the load of the stringers to the girders. For the ambient
vibration testing, they use integral-circuit piezoelectric accelerometers that had a
frequency range of 1-2000 Hz. They also did a forced vibration testing on the same
bridge after the traffic was removed and the ambient vibration testing was done. With
this testing they were able to find six modal frequencies on the bridge. After the analysis
was done, they could conclude that the ambient vibration from traffic provides an
adequate source of input for identifying the dynamic properties of the bridge. All
measured modes were lightly damped, with modal damping values ranging from 0.38%
to 1.58%.

Halling et al. (2001)
A bridge located on I-5 over South Temple Street in Salt Lake City, Utah was the
focus of this research; this bridge was built in the early 1960s. The test span consisted of
0.12 m of asphalt over 0.18 m of concrete decking supported by eight steel girders
spanning between two concrete bents. A series of seven forced vibration tests were
performed on the span by the use of accelerometers to acquire the data. The main
objective was to find horizontal natural frequencies and mode shapes and finding a
relationship between the experimental response and the analytical model. They were
able to find three horizontal natural frequencies on the structure. It was of interest since
it was extremely vulnerable to seismic damage and was severely deteriorated from the
harsh environment, and also since it was tested at different conditions, because of the
reconstruction of the highway, a very valuable data was obtained from the testing to
evaluate the effects of post-earthquake retrofitting. For the finite element modeling
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they used the computer software called SAP2000, and modeled it with six degrees of
freedom on each joint, and the concrete deck and girders were modeled as frame
elements connected with rigid links that acted wholly as a rigid body diaphragm in the
horizontal plane. It could be noted that the use of epoxy, shotcreting, and carbon fiber
increased the stiffness of the damaged structure, as indicated by slight decrease in
frequency.

Hsieh et al. (2008)
The characteristics of a structure can by identified by experimentally
determining the dynamic properties of the structure. What they do on this research
paper is to develop a damage detection technique called SFM and demonstrate it by the
use of system identification, finite element modeling and a modal update process. The
damage detection technique basically provides an estimate of damage locations and
magnitudes. They apply this technique to a numerical simulation, to an ASCE benchmark
problem for structural health monitoring and to a full-scale highway six-spans bridge
tested with forced vibration excitation. This bridge was measured in different states of
damage and the technique was able to consistently predict the location of damage as
well as estimate the magnitude of the damage. The stiffness losses in the structural
model identify the location of the damage and also quantify the ratio of reduced
stiffness in the model. Downward shifts in natural frequencies and changes in the mode
shapes can be used to indicate structural damage. Even though the technique was
developed with a forced vibration test, it could also be used with ambient vibration
testing.
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Huang (2000)
Huang presents a procedure for identifying the dynamic characteristics of a
structural system using the multivariate AR model, with the measurements taken from
ambient vibration testing. The traditional least-squares procedure was applied to
identify the dynamic properties of a three-span continuous bridge with pre-stressed
concrete box-girders, with varying cross-sectional area. A procedure is proposed to
directly determine the dynamic properties of a structure by using the ARV model. The
equations for this procedure are presented in this paper and also the effects of signal
type, noises, number of measured degrees of freedom, non-white noise input are
discussed.
The ambient vibration testing was done with eight velocity transducers, due to
the limited number of sensors, the responses of the bridge in the longitudinal,
transverse and vertical directions were measured and processed independently.
Seventeen natural frequencies and modal damping ratios were identified on the
structure.
It was able to identify a reason that explains why the ARV model can be
successfully applied to identify the dynamic properties of a structure, this being based
on the equivalence between the correlation function matrix of the responses for a linear
system subjected to white-noise input and the free vibration responses of the system.
And to verify the validity of the procedure, numerical simulations of a six-story shear
building were carried out.
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Ito and Uomoto (1997)
The main focus of this paper was to investigate a new nondestructive testing
method for concrete using impact acoustics. It was stated that the impact acoustics can
suggests important information about physical properties of concrete structures, those
properties being shapes, material properties, and also defects. This paper includes some
experiments delivered to improve the knowledge of the influence of the cracks on
amplitude and resonant frequencies of structures. Also these values were compared
with a finite element model and it was found that the cracks on a structure caused
degradation in the stiffness of the structure.

Omenzetter and Brownjohn (2006)
In this paper, the authors focused on the Singapore-Malaysia Second Link, also
referred to as the Tuas Link, this structure serves as a road crossing between those two
countries, it opened in 1997, is about 1.9 km long, approximately 6000 feet and
comprises 27 spans. The instrumentation used for the short and long term monitoring of
the structure under environmental and traffic conditions, meaning ambient vibration,
consists of four data loggers, 12 vibrating wire strain gauges, 12 pressure cells, 44
thermocouples and one tri-axial accelerometer. The authors proposed and analyzed the
application of concepts of time series analysis to the processing of data from a
continuously operating SHM system installed on the bridge. They used two models: a
univariate model that describes the signal recorded by a single strain sensor and a
multivariate model that enabled simultaneous analysis of signals from multiple channels
and took into account the correlation among the signals. This investigation clearly shows
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that the studied concepts from time series analysis could be useful in structural
monitoring.

Ren et al. (2004)
Ambient vibration testing, under traffic and wind-induced excitations, was used
on a steel-girder arch bridge located in Tennessee; this bridge consists of nine spans
symmetrically located on both sides of the arch span with a total length of 643 m,
approximately 2000 feet. This kind of excitation to the structure is inexpensive since no
equipment is needed to excite the structure and also the service of the structure
doesn’t have to be interrupted when performing the testing. The ambient vibration
technique provides an accurate and reliable prediction of the structure’s real dynamic
characteristics. Triaxial accelerometers were used to measure the response and they
were linked to their own data acquisition system. Eight test setups were developed to
cover the planned testing area. The data processing and modal identification for the
bridge were carried out by MACEC, a modal analysis toolbox. The frequency range of the
measurements were from 0 to 500 Hz, but the frequency range of interest for a bridge is
between 0 to 10 Hz and contains at least the first ten natural frequencies. In this study
showed how the modal parameters can be effectively extracted from output-only data
induced by ambient vibrations by using the frequency domain based PP method and the
time domain based SSI technique.
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Wenzel and Geier (2002)
On Europe, VCE developed Brimos (Bridge Monitoring System) used by the
bridge inspectors to carry out an accurate assessment of the condition and the
remaining lifetime of the bridge tested on this investigation. What they used to estimate
the modal parameters of a structure based on ambient vibration excitations is the
simple but effective peak-picking method, in this method the natural frequencies are
determined as the peaks of the Averaged Normalized Power Spectral Densities and the
corresponding raw-spectra. For the mode shapes, which they say are the second
important indicator describing the dynamic behavior of a structure, after the indication
of the natural frequencies the interested mode shape is cut out of the signal by using
low-pass and a high-pass filter. The acceleration signals are then converted into
displacement signals which results in a mode shape value for each sensor at the specific
frequency. For the damping ratios they used the half-power bandwidth method. It was
concluded that through ambient vibration testing the real structural behavior of the
bridge or an specific cable can be determined and the planning for retrofitting can be
based on reliable and accurate structural models.

Petroff et al. (2011)
This paper was developed when the Long-Term Bridge Performance Program
was still in the pilot phase. It focuses mainly on three of the seven pilot bridges, being
those the bridges located in Utah, California, and Minnesota. They showed the layout of
the long-term instrumentation for each of those bridges, and also the preliminary tests
done. The preliminary tests are basically to establish a baseline for future comparisons
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of the dynamic properties of the bridges. The tests that were developed on these
bridges included a Live Load test, a Dynamic test and also the preparation of a LongTerm Structural Health Monitoring plan.
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CHAPTER 3
BRIDGE DESCRIPTION

The Route 23/202 Bridge is located in Wayne, New Jersey and is identified by
structure number 1618-150. This bridge crosses over Mountainview Boulevard, Erie
Lackawanna railroad and Route 23/202 ramp as shown in Figure 1. The bridge consists
of two parallel structures and acts as eight separate spans, four per structure. Each
structure is 56 feet wide and its deck rests on 8 steel girders spaced on 8 feet on center.
These girders rest upon two concrete piers, except for the two end spans that rest on a
pier on one side and on reinforced concrete abutment on the other side. The bridge
total length is 444 feet, see Figure 2.

Figure 1: Aerial Views from Google Maps.
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The bridge was constructed in 1983 and hasn’t required a retrofit. This is a very
heavily used bridge at all times during the day and night. In 2005, the average daily
traffic on the bridge was 69,619 vehicles going northbound and southbound, and in
2011 the traffic on the bridge was approximately 76,120 vehicles per day traveling
northbound and southbound. This means that there were approximately 38,000
vehicles per day southbound and 38,000 vehicles per day northbound, or a 50/50 split.
Route 202 is classified as “Urban Principal Arterial” in the vicinity of the bridge.
This corresponds to a traffic of approximately 1,500 trucks southbound and 1,500 trucks
northbound daily on the bridge. As was noticed during the testing of the bridge, traffic is
heavy in both directions including a considerable number of trucks.

Figure 2: New Jersey Route 23/202 Bridge, looking northwest at span 2, 3 and 4.
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The southbound direction has a total of four traffic lanes and a sidewalk, while
the northbound direction has a total of three traffic lanes, a sidewalk and a shoulder. It
could be expected that the sidewalk on the bridge could add stiffness to the edge
leading to un-symmetric modes.
Some locations of the bridge show signs of corrosion, as shown in Figure 3, most
likely due to water leaking through the expansion joints. Some of the locations of
corrosion are the girder flanges at the piers. This bridge also experiences significant
vibration which could be felt on top of the deck and also under the bridge.
Span 1 of the bridge has a different length on the southbound and northbound
structure, with the southbound being the largest with a length of 130 feet while the
northbound structure has a length of 102 feet and 9 inches. Both structures have the
same width of 56 feet and are supported by 8 steel girders spaced at 8 feet on center.
Figure 4 shows a northwest view of the span. This span is the only one that doesn’t have
a skew, see Figure 8, and crosses over Mountainview Boulevard or Boonton Road.

Figure 3: Corrosion on span 1 and span 2 joint.
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Figure 4: Northbound Span 1.
Span 2 northbound is skewed on the north side of the span with a skew of 24°
and maximum length of 129 feet and 10 inches on the west side and 105 feet and 3
inches on the east side, see Figure 8.
The southbound structure has the same amount of skew as the north side and
has a maximum length of 130 feet on the west side and 105 feet and 3 inches on the
east side. The decks on both spans have a width of 56 feet and are supported by 8 steel
girders spaced at 8 feet on center. The access to this span is the easiest since below the
bridge there isn’t any road or railroad as shown in Figure 5.
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Figure 5: Northbound Span 2.
Span 3 northbound and southbound is the smallest span of all four spans and
they are identical in size and skew. They have a length of 70 feet see Figure 8. They are
skewed at an angle of 66° on both sides of the spans. The decks of these spans have a
width of 56 feet and are supported by 8 steel girders spaced at 8 feet on center. These
spans are almost unreachable from under the bridge because of the Erie Lackawanna
railroad underneath it, see Figure 6.

Figure 6: Northbound Span 3.
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Span 4 has two different span geometries between the northbound and
southbound structures. The northbound structure is skewed on both sides of the span
with a 66° angle on the south side and an 80° angle on the north side, but the
southbound structure is skewed with a 66° angle on both sides of the span, thus
allowing all girders to be identical. The northbound structure has a maximum length of
130 feet on the east side of the span and 114 feet and 5 inches on the west side. The
southbound structure has a length of 113 feet and 8 inches on the east side and 114
feet on the west side, as shown in Figure 8. The deck has a width of 56 feet and is
supported by 8 steel girders spaced at 8 feet on center. The access to this span is also
almost impossible since the ramp for the Route 23/202 is underneath these spans, see
Figure 7.

Figure 7: Northbound Span 4.

Figure 8: Instrumentation Plan and Testing Protocol.
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CHAPTER 4
DYNAMIC TESTING

Instrumentation Plan and Testing Protocol
Testing was executed on June 11-13, 2011. The testing began on Saturday
morning on span 2, continued into Sunday on spans 1 and 2 and finished on Monday
with a shoulder closure on top of the bridge to allow a test of all four spans of the
bridge.
The testing consisted in ambient vibration, in other words, the excitation of the
bridge came from the traffic, wind and other natural sources, making it less expensive
and easier, since the traffic of the bridge wasn’t affected and required no lane closures.
When a bridge is subjected to traffic excitation it is difficult, if not impossible, to
measure the input to the structure [Farrar and James 1997]. For this reason, one has to
determine the modal parameters from the output data only [Huang 2000]. Ambient
vibration tests are preferred over forced vibrations tests for large structures, as in this
case [El-Borgi et al. 2007].
The equipment used on this project included a fast sampling data acquisition
unit, vibration sensing instruments, and a laptop computer. Mark Products 1 Hz Model
L-4 Seismometers, shown in Figure 9, also known as velocity transducers were selected
as the sensing instruments. A Campbell Scientific, CR5000 was used to collect all data
from the velocity transducers. Two cable lengths, one at 150 feet and the other at 250
feet with military connectors, were used to connect the sensors to the CR5000. Figure
10 shows the velocity transducer with cable attached. A laptop computer was used to
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save all the data from the CR5000. Two software packages were used to collect the
data. One is RTDAQ 1.0 Datalogger Support Software and the other is LoggerNet Admin
4.0 software, both from Campbell Scientific. Since it was ambient vibration testing, only
the velocity transducers, cables and CR5000 were needed to do the testing. No external
excitation from a forced harmonic shaker, impact hammer, or other controlled device
was used. Excitation to the structure came mainly from traffic on the bridge, with
minimal excitation from wind and ground shaking.
The five test setups, which will be described in detail further in the report, were
performed with vertical, transverse and longitudinal velocity transducers usually placed
at a location corresponding to 0.3L, 0.5L and 0.6L, where L is equal to the individual
girder length, see Appendix B for the field notes and drawings of the location of the
sensors.

Figure 9: Vertical, transverse and longitudinal velocity transducers.
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Figure 10: CR5000 and LoggerNet Admin 4.0 software.
The first setup was completed with a total of 16 velocity transducers, where 12
of those where vertical, two transverse and two longitudinal. This setup began on the
morning of Saturday, June 11, 2011 and it was completed within 3 hours. Only span 2
was tested on Saturday due to access limitations. Velocity transducers were placed only
at span 2 in this first setup, on both northbound and southbound structures. The vertical
velocity transducers were located at a distance of 0.3L, 0.5L and 0.6L, where L is equal to
the individual girder length. Transverse and longitudinal velocity transducers were
located only at the midspan of span 2, as shown in Figure 11. Three separate tests were
taken with this setup, each resulting in a collection of different data sets on Span 2. Each
data set is referred to as Test 1, Test 2 and Test 3.
Test 1 was taken at a sampling rate of 100 Hz. for 788 seconds, which results in
78,802 data points. Sensor #11 was not giving any signal back to the CR5000, which
means no records from it were recorded or used in the data analysis. This sensor was
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located at the northbound girder 8 at midspan. Test 2 was also taken at a sampling rate
of 100 Hz. for 4208 seconds which results in 420,784 data points.
Test 3 was taken at a sampling rate of 50 Hz. for 8942 seconds, which results in
447,106 data points. The testing began at 11:46 A.M. and continued until 6:00 P.M.
When this first test was completed, another setup was arranged to prepare for an
overnight testing, in order to collect as many data points as possible from traffic at all
hours to produce as good of results as possible. In these first setups the velocity
transducers were placed on the steel girders under the deck, because access to the
bridge was restricted to do the testing on top of the bridge until Monday, June 13.
The second setup used a total of twenty velocity transducers, where twelve of
those where vertical, four transverse and four longitudinal. This setup was for the
overnight testing and four additional velocity transducers where introduced to the
bridge, two transverse and 2 longitudinal, that were also place at midspan of the edge
girders, see Figure 12. Only one test was made from this setup.
Test 4, was the overnight test started at 6:37 P.M. and data collection stopped
the morning after at a sampling rate of 50 Hz. The test lasted 69,928 seconds which
results in 3,496,403 data points.
The third setup was done with a total of twenty velocity transducers, where
twelve of those where vertical, four transverse and four longitudinal. Velocity
transducers were placed only at the southbound structure in span 1 and span 2. The
vertical velocity transducers were located at a distance of 0.3L, 0.5L and 0.6L from the
beginning of the span in span 2. On span 1, it was only possible to locate velocity

24
transducers at 0.5L and 0.6L from the beginning of span 1. It was not possible to reach
farther than that on span 1 because Mountainview Boulevard runs beneath that span of
the bridge and it was not allowed to navigate the boom lift over moving traffic.
Transverse and longitudinal velocity transducers were located only at midspan of span 1
and span 2, as shown in Figure 13. With this setup only one test was done. Test 5
started at 4:06 P.M. at a sampling rate of 50 Hz., that is 6,616 seconds which results in
330,793 data points from the CR 5000.
The fourth setup used a total of 20 velocity transducers, where 16 of those were
vertical and four transverse. Velocity transducers were placed at the deck of the bridge
on the shoulder of the northbound structure. This way it was possible to place velocity
transducers at all four spans. The location was right above girder 8 on the northbound
structure. Velocity transducers on span 1, 3 and 4 were placed on the deck of the bridge
while velocity transducers on span 2 where placed on the steel girders under the deck
on girders 1 and 8 of the northbound structure. The vertical velocity transducers were
located at a distance of 0.3L, 0.5L and 0.6L from the beginning of span in span 1, 2 and
3; while on span 4, since it was the largest span, velocity transducers were placed at
0.3L, 0.4L, 0.5L and 0.6L. Transverse velocity transducers were located only at midspan
of all spans, see Figure 14. With this setup only one test was done.
Test 6 started at 11:22 A.M and continued until Monday afternoon, June 13.
Data was collected at a sampling rate of 50 Hz. for approximately 11,463 seconds and
573,153 data points were collected on each span.
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The fifth and last setup was done with a total of fifteen velocity transducers,
where nine of those where vertical, three transverse and three longitudinal. Velocity
transducers were placed only at span 1, on both northbound and southbound
structures. The vertical velocity transducers were located at a distance of 0.6L and 0.7L
from the beginning of span in span 1. Transverse and longitudinal velocity transducers
were located only at 0.6L of span 1, see Figure 15. There were also two vertical velocity
transducers located at the piers on both structures on girder 4, with this setup only one
test was done, test 7, which started at 4:00 P.M on Monday, June 13. Testing was at a
sampling of 50 Hz. for 7,030 seconds, which results in 351,470 data points on each span.

Data Collection and Analysis
The time and frequency domain are just ways of looking at a problem, and they
are interchangeable; that is, no information is lost in changing from one domain to
another. The traditional way of observing signals is to view them in the time domain,
which is a record of what happened to a parameter of the system versus time. The
solution to difficult problems can often become quite clear in the frequency domain,
and this can be explained looking at a time domain graph, where trying to detect a small
sine wave in the presence of large signals could be impossible, because the waveform
seems to be a single sine wave, but looking at it in the frequency domain graph it shows
that the same signal is composed of a large sine wave and significant other sine wave
components. The frequency domain provides a useful tool in analyzing these small but
important effects [Agilent Technologies].
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L1
L2
L3
L4

Length (ft)
130
105.25
129.83
105.25

Figure 11: First setup 06/11/11.
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L1
L2
L3
L4

Length (ft)
130
105.25
129.83
105.25

Figure 12: Second Setup 06/11/11.
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L1
L2
L3
L4
L5

Length (ft)
130
130
130
119.25
105.25

Figure 13: Third Setup 06/12/11.

L1
L2
L3
L4
L5

Length (ft)
102.75
129.83
105.25
70
130

Figure 14: Fourth Setup 06/13/11.
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L1
L2
L3
L4

Length (ft)
130
130
102.75
102.75

Figure 15: Fifth Setup 06/13/11.
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The New Jersey bridge data was collected in the time domain but to find the
natural frequencies of the bridge and analyze the data it was necessary to convert the
data from the time domain to the frequency domain. This was done using the power
spectral density (PSD) method. This method is a positive real function of a frequency
variable associated with a stationary stochastic process, or a deterministic function of
time, which has dimensions of power per Hz, or energy per Hz. In other words, it shows
at which frequencies variations are strong and at which frequencies variations are weak.
PSD is a very useful tool when identifying oscillatory signals in time series data and their
amplitude. It could be said that the frequency used in the PSD is a transformation of
time and looking at variation in frequency domain is just another way of looking at
variations of time series data. The PSD describes how the power of a signal or time
series is distributed with frequency. Frequencies associated with peaks in the PSD
function of each recorded motion provided estimates of resonant frequencies [Farrar
and James 1997].
Computation of PSD is done directly by the Fast Fourier Transform (FFT). The FFT
is an efficient algorithm to compute the discrete Fourier Transform and its inverse. The
FFT is a mathematical operation that decomposes a signal into its constituent
frequencies.
A 4096 point FFT was used when analyzing the data that was collected at a
sampling rate of 100 Hz and 2048 point FFT was used when analyzing the data that was
collected at a sampling rate of 50 Hz. This allowed for a consistent 0.0244 Hz frequency
resolution.
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On each test, data was taken at least for 6,144 seconds, to have a minimum of
300 averages of the data, so a smoother figure would result from the analysis, with the
exception of test 1 and 2, that were mostly for testing each sensor. A 50 % overlap was
used on each test, this made it possible to have more averages with less data collected.
Anti aliasing filtering (Nyquist Frequency Filter Block) and windowing was also
used to process the data. Anti aliasing means removing signal components that have a
higher frequency than is able to be properly resolved by the sampling device. Anti
aliasing is often done using an analog anti-aliasing filter to remove the out-of-band
component of the input signal prior to sampling with an analog-to-digital converter.
The Nyquist frequency is half the sampling frequency of a discrete signal
processing system [Eyer and P. Bartholdi 1998], while filtering the data is a process that
removes from a signal some unwanted component, this means removing some
frequencies and not others in order to suppress interfering signals and reduce
background noise. Doing a Nyquist frequency filter block means filtering all the data that
is out of the Nyquist frequency block.
For the completed analysis of the data the hamming window function was used,
where a window function is a mathematical function that is zero-valued outside of some
chosen interval. On the hamming window the window is optimized to minimize the
maximum side lobe (a raised cosine with simple coefficients). It is use to mitigate the
effects of the FFT leakage [Lauzon and DeWolf 2005].
The damping ratio for each mode was estimated by using the Half-Power
Bandwidth, which uses the following equation to find the damping percent ratio
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where ωa and ωb are the forcing frequencies on either side of the resonant frequency
where the amplitude is 1/√2 of the Resonant Amplitude (ωn), see Figure 16 [Chopra
2007].
The mode shapes were found by normalizing the values of the resonant
amplitude and finding the phase angles to get the shape of the structure.

Figure 16: Definition of Half-Power Bandwidth.
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Finite Element Modeling

Span 1 Northbound structure was selected to build a finite element (FEM) model
using SAP2000. The model was built using frame elements for the girders and shell
elements for the deck, see Figure 17. The girders and the deck were joined by using a
body constraint every one foot, so the structure would be completely attached and
would deform simultaneously. It could be noticed on the piers that the girders were
simply supported, see Figure 18; which is why the girders were modeled as simply
supported.
In total, the model had 880 frame elements, 5170 shell elements, 5772 joints
and 888 of those had a body constraint.

Figure 17: Span 1 Northbound Structure FEM.

Figure 18: Simply Supported Girders.
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The eigen modal analysis was developed and the results from the FEM were a
total of 12 modal frequencies, see Table 1. Also note how there are more frequencies in
the FEM than there are on the experimental results, see Table 2, these could be because
there were not as many horizontal sensors to really obtain all of the transverse and
longitudinal modes of the bridge.
Table 1: Span 1 Northbound Structure Modes from SAP2000.
Mode

Frequency (Hz)

1
2
3
4
5
6
7
8
9
10
11
12

1.168803
2.724833
3.760636
4.915061
5.753666
7.479501
9.129716
10.247832
11.417244
12.983488
14.089402
15.911778

Table 2: Experimental vs. FEM Results.
Mode

Experimental (Hz)

FEM (Hz)

% Difference

1
2
3
4
5
6
7
8
9

2.78
3.74
4.47
6.01
10.23
14.18
16.97
18.95

1.17
2.72
3.76
4.92
5.75
10.25
14.09
15.91
-

2.16
-0.53
-10.07
4.33
-0.20
0.63
6.25
-
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The mode shapes obtained from SAP2000 of Span 1 Northbound Structure are
shown in Figures 19-28, with the modal frequency values.

Figure 19: First Mode from SAP2000, 1.17 Hz.

Figure 20: First Mode from SAP2000, 1.17 Hz.

Figure 21: Second Mode from SAP2000, 2.72 Hz.
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Figure 22: Second Mode from SAP2000, 2.72 Hz.

Figure 23: Third Mode from SAP2000, 3.76 Hz.

Figure 24: Third Mode from SAP2000, 3.76 Hz.

Figure 25: Fourth Mode from SAP2000, 4.91 Hz.
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Figure 26: Fourth Mode from SAP2000, 4.91 Hz.

Figure 27: Fifth Mode from SAP2000, 5.75 Hz.

Figure 28: Fifth Mode from SAP2000, 5.75 Hz.
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CHAPTER 5
RESULTS

The analysis of the data collected in all the tests completed on the bridge are
summarized in this section and displayed in tables with the natural frequencies of each
span and the damping ratio. Also included are the frequency response plots calculated
from the PSD analysis from all the tested spans.
Frequency vs. Magnitude
The Power Spectral Density method (PSD) was used to develop the plots that
represent the magnitude of each frequency of the structures. The magnitude of each
velocity transducer is plotted to show how each point of the structure where the
velocity transducers were located reacted to the excitation.
The legend of each plot represents one of the velocity transducers that were
used on each test. It shows the girder of the bridge and the location on the girder that
the velocity transducer was located as well as the structure location and type of velocity
transducer used. For example: 1SB0.3V means that the velocity transducer was located
on girder 1 of the Southbound Structure at 0.3 of the length of the girder and that it was
a vertical velocity transducer. It might also be a longitudinal or transverse velocity
transducer; in that case the last letter would be L or T, respectively.
The plots of the test results are presented on Appendix A, but below are some
typical plots, Figures 29-32.

Figure 29: Test 1 Span 2.
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Figure 30: Test 1 Span 2 Zoom.
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.

Figure 31: Test 3 Span 2 Northbound Structure.
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Figure 32: Test 3 Span 2 Northbound Structure Zoom.
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Modes and Damping Ratios (field data)
The modal frequencies and damping ratios obtained can be viewed in Tables 3-8.
Table 3: Span 1 Northbound Structures Modes.
Mode

Span 1 (Hz)

Damping (%)

1
2
3
4
5
6
7
8

2.78
3.74
4.47
6.01
10.23
14.18
16.97
18.95

1.02%
0.62%
0.81%
0.54%
0.37%
0.58%
0.24%
0.21%

Table 4: Span 2 Northbound Structures Modes.
Mode
1
2
3
4
5
6
7
8

Span 2 (Hz)
2.98
3.71
5.27
7.45
9.57
15.16
16.89
17.38

Damping (%)
1.16%
0.87%
0.46%
0.39 %
0.30%
0.38%
0.24%
1.57%

Table 5: Span 3 Northbound Structures Modes.
Mode
1
2
3
4
5

Span 3 (Hz)
2.81
6.23
7.96
11.79
17.72

Damping (%)
1.05%
1.54%
0.81%
0.44%
0.44%
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Table 6: Span 4 Northbound Structure Modes.
Mode

Span 4 (Hz)

Damping (%)

1
2
3
4
5
6

2.93
3.32
4.81
8.91
11.50
14.28

1.04%
0.81%
0.54%
0.44%
0.53%
0.41%

Table 7: Span 1 Southbound Structure Modes.
Mode
1
2
3
4
5
6

Span 1 (Hz)
2.81
4.52
5.57
8.55
9.35
10.60

Damping (%)
0.79%
0.57%
1.01%
0.62%
0.91%
0.56%

Table 8: Span 2 Southbound Structure Modes.
Mode
1
2
3
4
5
6
7
8

Span 2 (Hz)
2.81
3.15
3.71
4.54
5.25
9.35
14.92
15.60

Damping (%)
0.70%
1.34%
0.92%
0.49%
0.42%
0.62%
0.45%
0.29%
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Mode Shapes
Shown on Figures 33-47 are some selected mode shapes and the corresponding
FEM Mode shape for Span 1 of the northbound structure.
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Figure 33: Normalized Mode Shape. Mode 2 (3.74 Hz). Span 1 NB.

Figure 34: Third Mode from SAP2000, 3.76 Hz.
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Figure 35: Normalized Mode Shape. Mode 3 (4.47 Hz). Span 1 NB.

Figure 36: Forth Mode from SAP2000, 4.91 Hz.
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Figure 37: Normalized Mode Shape. Mode 4 (6.01 Hz). Span 1 NB.

Figure 38: Fifth Mode from SAP2000, 5.75 Hz.
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Figure 39: Normalized Mode Shape. Mode 1 (2.98 Hz). Span 2 NB.
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Figure 40: Normalized Mode Shape. Mode 2 (3.71 Hz). Span 2 NB.
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Figure 41: Normalized Mode Shape. Mode 4 (5.27 Hz). Span 2 NB.
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Figure 42: Normalized Mode Shape. Mode 1 (2.81 Hz). Span 1 SB.
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Figure 43: Normalized Mode Shape. Mode 2 (4.51 Hz). Span 1 SB.
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Figure 44: Normalized Mode Shape. Mode 4 (8.55 Hz). Span 1 SB.
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Figure 45: Normalized Mode Shape. Mode 1 (2.81 Hz). Span 2 SB.
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Figure 46: Normalized Mode Shape. Mode 2 (3.15 Hz). Span 2 SB.
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Figure 47: Normalized Mode Shape. Mode 3 (4.54 Hz). Span 2 SB.
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CHAPTER 6
DISCUSSION

Dynamic testing can be defined as a dependable method to establish the
vibration sensitive properties of the structures [Halling et al. 2001]. Those properties
being the mode frequencies, mode shapes and damping ratios of the structures. It is
good to highlight that any changes in a structure have an impact on the dynamic
response [Wenzel and Geier 2002]. In this section the results of the testing and analysis
will be discussed.
The New Jersey bridge that was tested the summer of 2011 had serious vibration
issues that could be felt when the testing was being performed, especially on the
ground down the Span 2 of the bridge. The vibration was a problem that was noticed by
visual inspection without the need of developing a dynamic testing. The damping
percent is used for describing the dynamic response of a structure and increase
significantly when the structural resistance decreases [Wenzel and Geier 2002].
The modal frequencies on each Span of the bridge were different from each
other. However some modes in Span 2 have matching frequencies. This means that the
bridge has a very large number of ways it could deform when vibrating. The mode
shapes that were plotted can help us understand the relative movement of the bridge
on each of the modes that is presented on the plots of mode shapes. The real vibration
shapes of a structure consist of the mode shapes corresponding to the natural
frequencies, therefore, the mode shapes are a very important indicator describing the
dynamic behavior of a structure [Wenzel and Geier 2002].
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Table 9: Experimental vs. FEM Results.
Mode Experimental (Hz) FEM (Hz) % Difference
1
2
3
4
5
6
7
8
9

2.78
3.74
4.47
6.01
10.23
14.18
16.97
18.95

1.17
2.72
3.76
4.92
5.75
10.25
14.09
15.91
-

2.16
-0.53
-10.07
4.33
-0.20
0.63
6.25
-

The FEM method that was developed on SAP2000 had reliable results,
comparing them to the results found on the dynamic testing. However, the first mode
found on the FEM did not match the first mode found on the experimental results,
which matched the second mode on the FEM. But from there on the other modal
frequencies of the FEM were very close to the dynamic testing results, see Table 9.
Research on continuous beams conducted by Tang and Leu [1991] revealed that
for the detection of damaged locations, changes in mode are more sensitive than
changes in natural frequency. In the study by Ito and Uomoto [1997] it was found that
the main frequency decreases as the depth of the crack increases, also that the
sensitivity is less for horizontal acceleration than its vertical counterpart. Structural
damage causes a reduction of stiffness that leads to corresponding shifts in natural
frequencies. Other factors such as changes in boundary conditions and environmental
conditions can also affect dynamic properties [Hsieh et al. 2008].
The results of this study should be compared with future investigations of the
bridge to compare how the bridge is deteriorating or weakening throughout the years,
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so the knowledge available for bridges with similar structural characteristics increases
and could be used to predict the future response of the structures.
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CHAPTER 7
CONCLUSION

The purpose of the research was to identify the dynamic properties of the New
Jersey Bridge, Structure Number 1618-150, by the use of ambient excitations such as
traffic and wind loads, as part of the Long-Term Bridge Performance program. The
following conclusions were made based off of analysis of the data and engineering
judgment.
1. The natural frequencies on each span of the two structures of the bridge differ
from each other since each span is separated from each other and work as an
independent structure. There were at least five natural frequencies identified on
the tested spans. Refer to Tables 3-8.
2. All of the modes found on the structure were lightly damped, with damping
ratios values ranging from 0.21% to 1.57%. These damping ratios are very low
compared to the 5% damped spectrum curve used to design most of the
structures in the United States [AASHTO Guide Specification for LRFD Seismic
Bridge Design 2009].
3. The Finite Element Model that was created for Span 1 of the northbound
structure took into account that the span was simple supported. The steel
girders were modeled as frame structures, while the concrete deck was modeled
as shell elements. The experimental results from the data collected on the bridge
on span 1 northbound structure were very similar to the results provided by the
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analysis of the Finite Element Model from SAP2000, with less than 10% of
difference.
4. Some mode shapes from the first modes of the structures could be developed
for each span. Also a comparison of the mode shapes from Span 1 of the
northbound structure could be made with the mode shapes results from the
FEM, having very similar behavior.
Finally, it is believed that the structure tested is in good conditions and the
structural behavior was accurately investigated by the use of the ambient vibration
testing. The objective of the Long-Term Bridge Performance Program is to keep track of
these pilot bridges; therefore, it is recommended to keep tracking the dynamic
properties of the New Jersey bridge with the objective of comparing the values in the
future and be able to track the bridge performance and weakening throughout the
years. Since the traffic could not be stopped at the time of the testing some areas of the
bridge could not be tested; however, it would be good if testing those areas in the
future could be possible to have a better appreciation of the dynamic properties of the
bridge.
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Appendix A
Frequency vs. Magnitude Plots

Figure A1: Test 2 Span 2.
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Figure A2: Test 2 Span 2 Zoom.
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Figure A3: Test 3 Span 2 Southbound Structure.
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Figure A4: Test 3 Span 2 Southbound Structure Zoom.
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Figure A5: Test 4 Span 2 Northbound Structure.
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Figure A6: Test 4 Span 2 Northbound Structure.
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Figure A7: Test 4 Span 2 Southbound Structure.
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Figure A8: Test 4 Span 2 Southbound Structure Zoom.
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Figure A9: Test 5 Span 1 and 2 Southbound Structure.
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Figure A10: Test 5 Span 1 and 2 Southbound Structure Zoom.
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Figure A11: Test 6 Span 1 Northbound Structure.
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Figure A12: Test 6 Span 2 Northbound Structure.

74

Figure A13: Test 6 Span 3 Northbound Structure.
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Figure A14: Test 6 Span 4 Northbound Structure.
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Figure A15: Test 7 Span 1 Northbound Structure.
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Figure A16: Test 7 Span 1 Southbound Structure.
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Appendix B
Field Notes and Drawings
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Figure B1: Field Note Cable and Sensor Information.
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Figure B2: Field Note, Cable and Sensor Information.
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Figure B3: Field Note, Cable and Sensor Information.
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Figure B4: Field Note, Cable and Sensor Information.

Figure B5: Plan View of Sensor's Location.
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Figure B6: Plan View of Sensor's Location.
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Figure B7: Plan View of Sensor's Location.
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Figure B8: Plan View of Sensor's Location.
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Figure B9: Plan View of Sensor's Location.
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Figure B10: Plan View of Sensor's Location.
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Figure B11: Plan View of Sensor's Location.
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